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Abstract The putative membrane fatty acid transporter (FAT) 
protein and its mRNA, originally expressed in adipose tissue, 
were found in the tongue of rats. Northern blot analysis showed a 
significant expression of FAT mRNA in the epithelial layer of 
eircumvallate papillae. Immunohistochemical staining revealed 
that immunoreactivity for FAT is specifically localized in the 
apical part of taste bud cells, possibly gustatory cells, in the 
circumvallate papillae. 
© 1997 Federation of European Biochemical Societies. 
Key words: Fatty-acid transporter; Fatty-acid-binding 
protein; Lingual epithelium; Taste bud 
1. Introduction 
transport protem (FATP) [12], and 88 kDa fatty-acid trans- 
porter (FAT), which is 85% similar to human CD36 glyco- 
protein, and thus likely to be the rat homolog of CD36 
[13,14]. Among them, FABPpm and FAT are expressed in 
the small intestine which possesses a variety of chemorecep- 
tors for dietary components. Poirier et at. [15] showed that 
FAT in the jejunal mucosa is expressed in the brush border of 
epithelial cells, and FAT mRNA in the small intestine is in- 
creased by a LCFA-rich diet, suggesting the participation of 
FAT in the sensation or absorption of dietary fat. We con- 
sidered that if FAT or related proteins are involved in the 
sensation of dietary fat in the oral cavity, they must be ex- 
pressed in taste organ. In this study, we examined the expres- 
sion and distribution of FAT mRNA in taste buds of circum- 
vallate papillae in rats. 
Fat in food is not only a source of essential nutrients, but 
also plays an important role in taste sensation. It is generally 
known that some laboratory animals, such as rats and mice, 
have a preference for high fat diets [1]. Much attention has 
been paid to the involvement of fat and triglycerides in food 
texture [2,3], while few studies have been made on the sensa- 
tion of fat, mainly because the size of oil droplets has been 
considered too large to bind to sensory receptors [4]. How- 
ever, Mattes [5] has shown that postprandial lipid metabolism 
is affected by exposure of the oral cavity to dietary fat, sug- 
gesting recognition of dietary fat in the oral cavity. Recently, 
Gilbertson et al. [6], using the patch-clamp recording method, 
showed that the delayed-rectifying K + channel of taste buds 
cells was inhibited by c/s-unsaturated long chain fatty acids 
(LCFA), and suggested the presence of a sensory mechanism 
for fat in taste receptor cells. 
In mammals, five kinds of proteins have been identified as 
LCFA-binding proteins present on the cell membrane. They 
are the 22 kDa 3T3-Ll adipocyte plasma embrane protein 
[7], 40-43 kDa plasma membrane fatty-acid-binding protein 
(FABPpm), which is identical to the isoform of mitochondrial 
aspartate aminotransferase (mAspAT) [8-10], 50-60 kDa pro- 
tein purified from the kidney and heart [11], 63 kDa fatty-acid 
*Corresponding author. Fax: (81) (75) 753-6264. 
E-mail: d53765@sakura, kudpc.kyoto-u.ac.jp 
Abbreviations: LCFA, long chain fatty acid(s); FAT, fatty-acid 
transporter: RT-PCR, reverse transcription-polymerase chain reaction 
The nucleotide sequence data reported in this paper will appear in the 
DDBJ, EMBL and GenBank nucleotide sequence databases with the 
accession umber AB005743. 
2. Materials and methods 
2.1. Reverse transcription-polymerase ch in reaction ( RT-PCR) 
According to the highly conserved region of the CD36 gene family 
[16], the three oligonucleotide primers, primer I (complement to 727 
746) 5'-GT(CG)CCATT(AG)ATCATGT(CT)(AG)CA-3', primer 2 
(complement to 521 540) 5'CCACAAGAGTTCCTTCAAAC-3' and 
primer 3 (complement o 263-283) 5'-CTCTGTATGTGTAAG- 
GACCTC-3' were prepared. The tongue and epididymal fat pad for 
control were dissected out from 20 male Wistar rats weighing about 
180 g. The lingual epithelium was isolated from the tongue according 
to Strien et al. [17], and the epithelium of circumvallate papillae was 
cut off. RNA was extracted from the circumvallate papillae by the 
AGPC method [18], and poly(A-) RNA was prepared from the total 
RNA using Oligotex-dT30 latex. The reverse transcript of poly(A ~ ) 
RNA was obtained using primer 1, and the poly(A) tail was added to 
the 3' terminal of ss cDNA obtained. The PCR reaction was per- 
formed using 5' poly(A)-tailed cDNA as template, and using primer 
2 and the dT17-adapter primer, 5'-GACTCGAGTCGACATC- 
GATTTTTTTTTTTTTTTTT-3'. The secondary PCR reaction was 
performed using the first PCR product as template, and using primer 
3 and adapter primer, 5'-GACTCGAGTCGACATCGA-3'. Condi- 
tions for PCR were: 94°C, 30 s, 55°C, 1 rain. 72°C, 2 rain, for 35 
cycles. Gel analysis revealed that the amplified DNA fragments were 
about 600 bp. After subcloning with pUCI8, the amplified DNA 
fragments were sequenced by the dideoxy method [19]. 
2.2. Northern blot analysis 
The lingual epithelium and epididymal tat pad were used for North- 
ern blot analysis. The whole epithelial layer isolated from the tongue 
was divided into three parts: (1) circumvallate papillae, (2) the epi- 
thelium covering the posterior one third of the tongue except for the 
circumvallate papillae (tongue nonsensory epithelium), and (3) the 
epithelium covering the anterior two thirds of the tongue (anterior 
tongue epithelium). RNA from these three types of epithelia was 
obtained by the AGPC method [18]. RNA after fractionation on 
agarose gel was transferred onto nylon membrane, and hybridized 
with randomly primed 3='P-labeled rat FAT cDNA probe or rat [5- 
actin cDNA probe at 42°C. After washing, it was subjected to auto- 
radiography at -70°C using Fuji AIF X-ray film. 
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CTTTG AAGAGATCAG TGACTCTGTA ACCTTGCAAC TGCATTTTGA TC43TTCCT'Ff -241 
hCD36 GAAAAATCCT TCTTAC-CCATTTTAAAGATA GCTTTCCAAT GATTAGACGA -161 
PFC AAACTCGCGG ACTTGTACTC TCTCCTCGGA TGGCTAGCTG ATTACTTCTG TGTAGCAGCT TACAAATQAT TCGAAGTGI~2 
hCD36 A%'2GATTCTT TCTGTGACTC ATCAGTTCCT TTCCTGTAAA ATTCATGTCT TGCTGTTGAT TTGTGAATAA GAACCAGAGC -81 
PFC GAAACTTTCT GAGTCTCAAT GAACTATTTC TCACACAACT CAGATACTGC TGTTCATGCA TGAATTAQTT GAACCAGGCC 
hCD36 TTGTAGAAAC CACTTTAATC 
FAT CGG CATTGTAATT 
PFC ACATAGAAAG CATTGTAATT 
ATATCCAGGA GTTTGCAAGA AACAGGTGCT 
GTACCTGTGA GTTGGCAAGA AGCAAGTGCT 
GTACCTGTGA GTTGGCAAGA AGCAAGTGCT 
TAACACTAAT TCACCTCCTG AACAAGAAAA -I 
TCCTTGAT TCTGCTGCAC GAGGAC-CAGA 
TCCTTGAT TCTGCTGCAC GAGGAGGAGA 
hCD36 ATC43GCTGTG ACCGGAACTG 
FAT ATGGGCTGCG ATCGGAACTG 
PFC ATC43GCTGCG ATCGGAACTG 
TGGGCTCATC GCTGGGGCTG TCATTGGTGC 
TGGGCTCATT ACTGGAGCCG TTATTGGTGC 
~CTCATT ACTC-GAGCCG ~F2ATI~3GTGC 
TGTCCTGGCT GTGTTTGGAG GTATTCTAAT 80 
TGTCCTGGCT GTGTTTGGAG CATTCTCAT 
TGTCCTGGCT GTGTTTGGAG CATTCTCAT 
hCD36 GCCAGTTGGA GACCTGCTTA 
FAT GCCGGTTGGA GACCTACTCA 
PFC GCCGGTTGGA GACCTACTCA 
TCCAGAAGAC AATTAAAAAG CAAGTTGTCC 
TTGAGAAGAC AATCAAAAGG GAAGTTGTCC 
TTGAGAAGAC AATCAAAAGG GAAGTTGTCC 
TCGAAGAAGG TACAATTGCT TTTAAAAATT 160 
TTGAAGAAGG AACCAS~rGCT TTCAAAAACT 
TTGAAGAAGG AACCATTGCT TTCAAAA CT 
hCD36 GGGTTAAAAC AGGCACAGAA 
FAT GGGTGAAAAC GGGCACCACT 
PFC ~TGAAAAC GGGCACCACT 
GTTTACAGAC AGTTT '~T CTI~TGATGTG 
GTGTACAGAC A G ~ T  CT'FI~ACGTG 
GTGTACAGAC A G ~ A T  CTTTGACGTG 
CAAAATCCAC AGGAAGr£GAT GATGAACAGC 240 
CAAAACCCAG AGGAAGTGGC AAAGAATAGC 
CAAAACCCAG AGGAAGTGGC AAAGAATAGC 
hCD36 AGCAACATTC AAGTTAAGCA AAGAGGTCCT TATACGTACA GAGTTCGTTT TCTAGCCAAG 300 
FAT AGCAAGATCA AGGTTATACA GAGAGGTCCT TACACATACA GAGTTCGCTA TTTAGCCAAG 
PFC AGCAAGATCA AC-GTTAAACA GAGAGGTCCT TACACATACA GAG 
Fig. 1. Alignment of partial nucleotide sequences of human CD36, rat FAT, and RT-PCR clone encoding putative FAT in circumvallate papil- 
lae (PFC). Nucleotides are numbered in the 5' to 3' direction from the first nucleotide of the putative initiation codon. Primers used for RT- 
PCR are underlined. 
2.3. lmmunohistochemical staining 
Another five rats were perfused via the aorta with physiological 
saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, 
pH 7.3. Lingual tissues containing the circumvallate papillae were 
dissected out and immersed in the same fixative for an additional 
6 h. After dipping in 30% sucrose overnight, the tissues were quickly 
frozen in liquid nitrogen. Cryostat sections, about 15 gm in thickness, 
were prepared and processed with the avidin-biotin complex (ABC) 
method using the anti-FAT serum. The sections were incubated with 
the antiserum diluted in 1:3000 overnight. The antigen-antibody re- 
action was detected using a streptavidin-biotin kit (Histfine, Nichirei, 
Tokyo). 
3. Results and discussion 
To examine whether FAT or related proteins are expressed 
in circumvallate papillae, oligonucleotide primers were pre- 
pared according to a highly conserved region of the CD36 
gene family [16] in which FAT is included, and RT-PCR re- 
action was performed with the 5' RACE method [20] using 
poly(A +) RNA obtained from the rat circumvallate papillae. 
The RT-PCR product of circumvallate papillae was about 600 
bp, similar in size to that of rat adipose tissue. After subclon- 
ing of the RT-PCR product from circumvallate papillae, the 
nucleotide sequence of the positive clone was determined, and 
the RT-PCR clone was found to be same as FAT (Fig. 1). 
To obtain further information on the expression of FAT 
gene on lingual epithelium, Northern blot analysis using FAT 
cDNA was performed for RNAs  obtained from circumvallate 
papillae, surrounding nonsensory epithelium which lacks taste 
buds (tongue nonsensory epithelium), and anterior tongue 
epithelium, where fungiform papillae with a few taste buds 
are scattered. Adipose tissue RNA from the epididymis was 
also used as an internal control. In circumvallate papillae, a 
small but significant amount of FAT  mRNA was expressed 
(Fig. 2, lane 3). However, no FAT mRNA was detected in the 
tongue nonsensory epithelium and the anterior tongue epithe- 
lium (Fig. 2, lanes 1, 2). 
Since FAT mRNA was found to be expressed specifically in 
the epithelium of circumvallate papillae, immunohistochemi- 
cal analysis of the tongue was performed using anti-FAT anti- 
body to identify the expression site of FAT in circumvallate 
papillae [21]. Immunoreactivity for FAT was localized exclu- 
sively in taste buds, in which immunoreactive c lls and immu- 
nonegative cells were intermingled (Fig. 3). In immunoreactive 
taste bud cells, the apical part of cells was intensely labeled 
(Fig. 3). Western blot analysis using the same anti-FAT serum 
failed to detect the band corresponding to FAT in circum- 
vallate papillae as well as in the tongue nonsensory epithelium 
and the anterior tongue epithelium (data not shown), indicat- 
ing that a very small amount of FAT protein may be ex- 
pressed in circumvallate papillae. 
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Fig. 2. Northern blot analysis of FAT in tongue epithelium and adi- 
pose tissue of rat. Electrophoresis was obtained using 7 lag total 
RNA obtained from lingual epithelium separated into anterior 
tongue fungiform (lane 1), tongue nonsensory epithelium (lane 2), 
and circumvallate papillae (lane 3). Lane 4 shows RNA from adi- 
pose tissue. 
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Fig. 3. Immunohistochenfical staining of rat circumvallate papillae with anti-rat FAT. Some cells in each taste bud m-e stained positixcly ~ith 
more intense labeling in the apical part of cells. 
In the rat tongue, mRNA of FAT was specifically expressed 
in the epithelium of circumvallate papillae, and the immuno- 
reactivity for FAT was restricted to the taste buds, mainly in 
the apical part of the taste bud cells. These findings strongly 
suggest the involvement of FAT in taste sensation of the 
circumvallate papillae. FAT was isolated and purified from 
adipocytes as a protein combined with sulfo-N-succinimidyl 
which is a derivative of oleic acid [13]. FAT increases the 
uptake of fatty acid when expressed in the Obl7PY fibroblast, 
and combines with LCFA reversibly [22], although its func- 
tion remains unknown. FAT and CD36 on cell membrane are 
considered to have a major extracellular moiety and one or 
two transmembrane r gions in each molecule [14,23,24]. Since 
FAT and ( 'D36 differ in structure from most of the mem- 
brane carriers with many transmembrane r gions, they arc 
considered to function as receptors for LCFA rather than 
LCFA transporters. The facl that FAT has a region which 
interacts with Src kinase at the C-terminal suggests a role in 
the signal-transferring process initiated by binding with 
LCFA [14,25,26]. This idea is partially supported by the pre- 
dominant localization of FAT immunoreactivity in the apical 
region of taste bud cells. Therefore, FAT may play a role in 
cellular signal transmission by binding diet-derived LCFA at 
the apical cell surface of taste buds rather than responding at 
the basolateral cell surface. 
For detection of fat by taste buds, fat must be digested into 
LCFA in the oral cavity. The circumvallate papillae arc asso- 
ciated with the proper salivary glands called Ebner's glands. 
The excretory ducts of the glands are open to the bottom of 
the circular furrow. All taste buds lined along the furrow are 
exposed directly to the fluid secreted from Ebner's gland. Sev- 
eral studies revealed a rich existence of lipases in the secre- 
tions from Ebner's gland [27 29]. Therefore, LCFA generated 
from triglyceride may be carried to the taste cells by lipophilic 
carrier molecules, and sensed as the presence of fat in the diet. 
The intake of t\~od is known to be rapidly regulated 
through chemoperception f diet-derived molecules b fore ab- 
sorption in the small intestine [30]. ~-Gustducin, which is the 
0~-subunit of trimeric GTP-binding protein complex expressed 
in taste buds [31], is also t\mnd in the intestinal epithelimn 
[32]. Since c~-gustducin participates in intraccllular signal 
transfer of bitterness and sweetness by acting with the taste 
receptors on cell membrane [33], the chcmoperception mech- 
anism for the diet-derived molecules in taste cells is considered 
similar to thai in the digestive tract. Previously, wc suggested 
the participation of receptor protein m the fat-sensory mech- 
anism of intestinal epithelial cells [34.35]. In addition, selective 
expression of FAT in the brush border of jgjunal epithelial 
cells suggests lhat FAT participates in sensation or absorption 
of dietary fat [15]. Thus, we conclude that some dietary lat 
detecting system similar to that in the intestinal epithelium 
exists in taste cells, and that FAT participates in the sensory 
mechanism. These findings provide clues It) the long-sought 
molecular and cellular basis t\~r chemoreception i lhe oral 
cavity. 
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